The possibility of the unexplained Kolar events, recorded in the 70's and 80's, being due to the decays of dark matter particles of mass in the range of 5-10 GeV is pointed out.
I. INTRODUCTION
Many years ago, in the cosmic ray neutrino experiments [1] and later in the proton decay experiment [2] both at Kolar Gold Fields (KGF) in south India, some unusual events, so called Kolar events, were seen. These events were multitrack events with some unusual features which could not be explained away by any known processes of muons or neutrinos. The two sets of Kolar events were interpreted [3] [4] [5] , at that time, as due to the possible decay of a new, massive, long-lived particle produced mostly in neutrino or antineutrino collisions within the surrounding rock of the mine. We however note that searches were also made at the ν-beam experiments at CERN [6] and at Fermilab [7] but they led to negative results with bounds on cross-sections (and masses) to produce such neutral, long-lived particles in neutrino interactions. Thus the events were neither confirmed in other experiments nor shown to be spurious by any further analyses.
In this short note we speculate on the possibility of these anomalous events being due to the decay of dark matter particles. This also naturally explains why they were not seen in accelerator experiments with neutrino beams [6, 7] . In section II, we give a brief description of the Kolar events and why they were considered anomalous. In section III, we discuss the possibility that these events may be caused by the decay of dark matter particles and make some remarks about further investigations in this direction.
II. KOLAR EVENTS
The Kolar events were recorded over two periods: The first period corresponds to the period starting from the end of 1964 (for a review of KGF experiments and details of detectors, see Ref. [8] ). In all seven neutrino telescopes, with a geometry that is sensitive to horizontal tracks, were installed over a period of two years in a long tunnel at a depth of 2300 metres underground. The live time of all detectors combined was more than ten years. The first results on Kolar events from this period were published in 1975 [1] .
The second period refers to the experiments set up to look for proton decay at 2300 metres depth. Proton decay experiments were done in two phases with a live time of 8 1. In the observed decays, the events consisted of two or more tracks with a large opening angle with at least one being a penetrating track like that of a muon.
2. All tracks of an event seemed to originate from a vertex located either in air or in the thin detector materialsbased on an extrapolation of projected angles of tracks. This is the most crucial fact about these events which renders them anomalous.
3. The ratio of the number of events containing such tracks to the total number of events recorded by the detectors was about 25%.
4. The estimated cross section for the production of an assumed new particle multiplied by the branching ratio for the observed modes was estimated to be 10 −37 cm 2 per nucleon, similar to the weak interaction crosssection.
During the second period, each of the 3 events reported in 1986 [2] at a depth of 2.3 km at KGF had a penetrating track and an associated shower. The details of the events are given in Table I . Several theoretical attempts were made [3] [4] [5] 9 , 10] to understand the Kolar events. Both sets of events reported in 1975 and 1986 were interpreted as due to the decays of an unstable particle, produced in the rock medium by neutrino interactions, with a life time approximately given by 10
seconds and with a mass in the range 2 − 5 GeV. The decay of this new particle, in air or in the thin part of the detector, was expected to produce the signature as seen in Kolar events. While the events reported in 1975 were assumed as due to the decays of a charged particle since there were three visible charged tracks, the later events were interpreted as due to a neutral particle decaying into a muon and possibly an electron, the electron producing the shower. However, the Kolar events have so far remained an enigmatic puzzle with no conclusive evidence emerging from other such detectors around the world. Since the Standard Model is now firmly established, any attempt to introduce a new particle with mass in GeV range and standard model interaction will be suspect.
III. REINTERPRETATION-DECAY OF DARK MATTER PARTICLES
In the present note, we attempt a reinterpretation of these 8 Kolar events as due to the possible decay of a neutral dark matter particle (DMP) of mass around 5 − 10 GeV and with a very long life time of the order of the life time of the universe, that is ≥ 10 10 years . Though the existence of dark matter has been established beyond doubt, the nature of DMP is yet to be understood. In particular not much attention has been paid to the possibility of DMP decays. A nominal lower limit on its life time, τ > 10 9 years [11] , emerges from very simple considerations of observed dark matter density at present time.
A detailed model independent analysis of cosmological constraints on decaying dark matter gives a bound on the life time of decaying dark matter as τ ≥ 10 11 years [12] . However, a combination of stable and decaying dark matter scenario relaxes the constraint on the life time and yields τ ≥ 5 × 10 9 years [13] .
In contrast to the earlier interpretation of the Kolar events, we are now disassociating the events from neutrinos interacting in the surrounding rock. It had an inherent difficulty of explaining the large (25%) production cross section of the new particle and that difficulty disappears with the DMP interpretation now. The DMP is present everywhere. Since the DMP's are mostly nonrelativistic, their decays must be isotropic. In the Kolar events, the tracks were seen only in one hemisphere; it is therefore possible that there were other unobserved tracks, particles not going through the detector, that would make the decay isotropic. As a result, the earlier estimates of the mass of around 2 − 5 GeV, using visible energy, must be regarded as a lower limit.
Invoking the isotropy of events for DMP decay, it is more likely that the mass of DMP will be in the range of 5-10 GeV. Furthermore, these unobserved particles in the decay must be charged in the events reported in 1975 so that it is consistent with the hypothesis of a neutral DMP overall. We note that the CDMSII collaboration [14] have recently claimed the observation of 3 events in a Si detector which are interpreted as due to the nuclear recoil induced by a DMP with a most probable mass of 8.2 GeV. This mass is well within the range that one would estimate from the Kolar events after accounting for isotropy. The announcement of this result, in fact, provided the motivation for us to go back and take a relook at the Kolar events.
We denote the local number density of DMP in the solar system as n. Note that this is not the average density in the universe which is much smaller than this. The local DMP energy density in the solar system is expected to be in the range of GeV/cc [15] . If the effective volume of the detector chamber sensitive to the decay events of DMP is V , the mean life of DMP is τ and the branching ratio to the decay into visible modes is B, then the rate of decay events seen is given by
Furthermore, if we choose V = 10m × 10m × 10m = 10 9 cc, n = 1/cc, B ≈ 1 and τ ≈ 10 10 years, we get a rate R ≈ 0.1 decays per year. It is remarkable that such a crude estimate agrees roughly with the order of magnitude of the rate of events seen in Kolar.
A few points are in order here:
• The estimated volume V = 10 9 cc is probably an underestimate. It is more likely to be around 10 10 cc. The experiments were carried out at different times with different sized chambers and over a period of several years. Hence the volume estimate is at best crude.
• The number density of DMP n locally is slightly less than 1/cc if we assume the DMP mass in the range of 5-10 GeV. The most recent estimates, based on a detailed model of our galaxy including rotation curves, give the local DM density to be around 0.39 ± 0.03 GeV /cc [15] . This reduction will be compensated by a possible underestimation in the volume under consideration.
• We have assumed the branching ratio to visible modes to be unity. Unfortunately, at this time, we can not make more precise statements since there are no models for light dark matter decays as far as we know.
• It is possible that not all Kolar events may be interpreted as DMP decays. If we restrict to those with vertex in the air, not in rock or inside the detector material, then the observed rate of Kolar events is lower and closer to the estimate of R obtained from eq.(1). This is a more likely scenario since the events in rock and detector material could be caused by neutrino interactions. The probability of the Kolar events being due to atmospheric neutrino interactions in the surrounding air is ≤ 10 −3 events per year for neutrino energies greater than 5 GeV.
• The life time of about 10 10 years, approximately the age of the universe, for DMP decay is tantalising. This is well within the life time bound based on cosmological constraints with stable and unstable dark matter scenario [13] . On the other hand if the life time is much more then it may be impossible to observe such decays given their density at the present epoch. The present interpretation of Kolar events as due to DMP decay will not be valid any more.
One important problem with the interpretation of Kolar events as due to DMP decay is its non-observation in other detectors. Earlier searches at CERN and Fermilab proved negative but they were looking for a short-lived particle produced in neutrino interactions at accelerators following early theoretical interpretations based on models which are now discarded. Since these experiments specifically involved neutrino beams interacting with target material inside the detector the negative result is easily understood.
It is also unlikely that such events may be identified in neutrino detectors such as Super Kamioka (SK) or IceCube since there is no air gap between the detector material (water) and the surrounding rock. As such even if a DMP decays, its signature would be submerged in the huge background of neutrino events. However, it may be useful to have a relook at those events which conform to the isotropy of all decay particles.
On the other hand, it is possible that such anomalous events may be seen at MINOS, SNO, or even OPERA, where the detector position is similar to the KGF experiment-the detector is placed in a chamber with a large air gap between the detector and the rock. However, since the rate is approximately 0.1 events a year or less, any non-observation of such events in these detectors may still lie within statistical fluctuations. Nevertheless the scenario outlined by us in this note should provide motivation for such searches at MINOS or in proposed future underground neutrino detectors like NOVA and INO. The effective volume at INO, due to the size of the proposed chamber, is at least 10 11 cc. This would immediately increase the rate to 1 event per year. The observed events, if any, are however reduced due to the aperture of the detector. One main difficulty for making clear prediction about such searches is the absence of a consistent model for a light, 5-10 GeV, DMP decay. The models with heavy DMP decay predict a life time which is much higher (≥ 10 26 s) than required for explaining Kolar events [11] .
Finally, we conclude with a general remark. Independent of the Kolar events and their interpretation, any large underground detector must be in a position to see the decays of an unstable DMP. Therefore, we have one more window for searching for DMP provided it decays. Non-observation of the decays may be used to set limits on its life time. In fact, the absence of spectacular high-energy decay events in past and present large underground detectors already rules out life times of the order of 10 10 years or less, for heavy DMPs of mass larger than 100 GeV.
If the above speculation is proved correct it solves two problems in one stroke-interpretation of anomalous Kolar events and the observation of dark matter particle.
